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During meiosis I, kinetochores of sister chromatids
are juxtaposed or fused and mono-orient, while
homologous chromosomes that are paired by chias-
mata (bivalents) have to biorient. In the absence of
chiasmata, biorientation of sister chromatids (univa-
lents), which carries a risk of aneuploidy, has been
occasionally detected in several species, including
humans. We show in fission yeast that biorientation
of fused sister kinetochores predominates during
early prometaphase I. Without chiasmata, this unde-
sirable biorientation of univalents persists and
eventually evades the spindle assembly checkpoint,
provoking abnormal anaphase. When univalents are
connected by chiasmata or by an artificial tether,
this erroneous attachment is converted to monopo-
lar attachment and stabilized. This stabilization is
apparently achieved by a chromosome configuration
that brings kinetochores to the outer edge of the
bivalent, while bringing Aurora B, a destabilizer of
kinetochore-microtubule attachment, inward. Our
results elucidate how chiasmata favor biorientation
of bivalents over that of univalents at meiosis I.
INTRODUCTION
Faithful segregation of the replicated genome during cell divi-
sion depends on the proper attachment of sister kinetochores
to the spindle microtubules. During mitosis, sister kinetochores
are attached by microtubules from opposite poles (biorienta-
tion). This attachment is stabilized only when tension across
centromeres separates the kinetochores spatially from the inner
centromere. Otherwise, Aurora B kinase, located at the inner
centromeres, destabilizes the attachment to promote reorienta-
tion (Liu et al., 2009; Tanaka, 2010). By providing the counter-
force that produces tension at centromeres, sister chromatid
cohesion, which is mediated by cohesin (Nasmyth and Haering,
2005; Onn et al., 2008; Peters et al., 2008), plays a crucial role in
chromosome biorientation. Chromatid disjunction is triggered
by cleavage of cohesin by the endopeptidase separase, which534 Developmental Cell 21, 534–545, September 13, 2011 ª2011 Elsis kept inactive until anaphase through binding of the inhibitory
chaperone securin. Although securin is destroyed by the
anaphase-promoting complex or cyclosome (APC/C) at the
onset of anaphase, targeting of securin by the APC/C can be
prevented by the spindle assembly checkpoint (SAC), which
monitors imperfect bipolar attachment of chromosomes.
Meiosis is a unique type of cell division that allows halving of
the chromosome number (Page and Hawley, 2003). In meiosis I,
the cohesin-dependent association of sister DNA at the core
centromere causes close juxtaposition or fusion of sister kinet-
ochores and biases them geometrically toward the same
spindle pole (mono-orientation) (Goldstein, 1981; Li and
Dawe, 2009; Sakuno et al., 2009). In fission yeast, this ‘‘kineto-
chore cohesion’’ is established depending on the meiotic
kinetochore protein Moa1 as well as the meiotic cohesin
complex including Rec8 (Sakuno et al., 2009; Yokobayashi
and Watanabe, 2005). In budding yeast, this kinetochore cohe-
sion may be mediated by the monopolin complex rather than
cohesin (Corbett et al., 2010; Monje-Casas et al., 2007; To´th
et al., 2000). In meiosis the maternal and paternal homologs
are physically linked by reciprocal recombination (chiasmata)
to form a bivalent, and the SAC becomes satisfied when homo-
logs are pulled from opposite poles (Carpenter, 1994; Lacefield
and Murray, 2007; Moore and Orr-Weaver, 1998; Nicklas, 1997;
Page and Hawley, 2003). Achiasmate chromosomes (univa-
lents) tend to activate the SAC in meiosis I, but oocytes from
murine XO females occasionally override the SAC (LeMaire-
Adkins et al., 1997), potentially by establishing biorientation of
the univalent (Kouznetsova et al., 2007; Nagaoka et al., 2011).
Biorientation of univalents has also been reported in humans
(Angell et al., 1994; Hassold and Hunt, 2001; Moore and
Orr-Weaver, 1998) and very recently in fission yeast as well (Du-
das et al., 2011; Hirose et al., 2011), while it has not yet been
reported in chiasmata-defective budding yeast, worms, or
Arabidopsis (Chelysheva et al., 2005; Klein et al., 1999; Sever-
son et al., 2009). Thus, although recent studies illuminate the
importance of kinetochore cohesion for mono-orientation of
sisters (Monje-Casas et al., 2007; Sakuno et al., 2009), the prin-
ciples determining chromosome orientation at meiosis I still
remain elusive. The Aurora B kinase might be included in this
regulation (Hauf et al., 2007; Monje-Casas et al., 2007; Shuda
et al., 2009), but it is unknown how Aurora B specifically stabi-
lizes bipolar attachment of bivalents rather than bipolar attach-
ment of sister chromatids.evier Inc.
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Chiasmata Reposition Aurora B in the CentromereHere, we explore achiasmate meiosis in fission yeast, a
genetically tractable organism that carries metazoan-type
centromeres. We reveal that univalents occasionally produce bi-
orientation as a consequence of merotelic attachment of fused
sister kinetochores. This biorientation is efficiently corrected to
mono-orientation depending on a physical link between univa-
lents. Our genetic and cytological analyses suggest that the
interplay of chiasmata andkinetochore geometry leads to correct
silencing of Aurora B activity at centromeres, providing insight
into how chiasmata regulate meiotic chromosome orientation.
RESULTS
The SAC Is Activated but Eventually Satisfied
in Achiasmate Meiosis
We first examined spindle dynamics and cell cycle progression
of chiasmate (recombination-proficient) meiosis and compared
with those of achiasmate (recombination-deficient) meiosis
(Figure 1A, and see Figure S1A available online). In wild-type
cells, the elongation of the spindle occurs in three distinct steps
at both meiosis I and meiosis II, as in mitosis (Nabeshima et al.,
1998; Yamamoto et al., 2008); a short spindle elongates (phase I),
stays at a constant length (phase II), and then further elongates
(phase III) (Figure 1A, WT). Phase II and phase III roughly corre-
spond to metaphase and anaphase, respectively. Securin
Cut2-GFP is present within the nucleus, largely on the spindle,
until metaphase I, but suddenly disappears prior to the start of
phase III, indicative of APC/C activation. Cut2-GFP reaccumu-
lates and degrades again in meiosis II. For monitoring achias-
matemeiosis, we used rec12D cells, deleted for the fission yeast
SPO11 homolog (Cervantes et al., 2000), which is the initiating
factor of recombination and, thus, essential for chiasmata forma-
tion. The majority of rec12D cells (86%, n > 600) showed the
typical phases of spindle elongation, and Cut2 degradation
occurred prior to the onset of phase III, although phase II was
substantially extended (Figure 1A, rec12D type I), suggesting
that the SAC has been finally satisfied despite the presence of
univalent chromosomes. Some rec12D cells (14%, n > 600)
did not display the typical three phases of spindle elongation
but showed a slow continuous elongation of the spindle and con-
comitant decrease of the nuclear Cut2 concentration (Figure 1A,
rec12D type II), making it unclear whether these cells inactivate
the SAC. To clarify this, we monitored another cell cycle marker
Ark1 (Aurora B kinase) together with the spindle microtubules
and the kinetochore protein Cnp3 (Schizosaccharomyces
pombe CENP-C homolog) (Tanaka et al., 2009) because Ark1
locates at centromeres inmetaphase but relocates to the spindle
at the onset of anaphase I (Kawashima et al., 2007) (Figure 1B).
We found that virtually all rec12D cells (n = 240) eventually relo-
calized Ark1 to the spindle (Figure 1B), indicating that the SAC
ultimately becomes satisfied in achiasmate meiosis.
Biorientation of Univalents
To explore the relation between SAC satisfaction and the
orientation of univalents in rec12D cells, we visualized the core
centromere on chromosome 1 (imr1-GFP) by inserting the lacO
array into the imr1 sequence and expressing the GFP-fused
LacI protein (Figure 1C and Figure S1C). In wild-type cells,
the homologous centromeres of the chromosome 1 bivalentDevelopmenbecame separated and oscillated in coordination on the meta-
phase I spindle, before moving to opposite poles in anaphase I
(Figure 1C). In contrast, homologous centromeres in rec12D
cells moved along the spindle without coordination (Figure 1C).
Sister centromeres occasionally separated at the onset of
anaphase I, indicative of bipolar attachment of univalents. Sepa-
ration of sisters was confirmed bymarking only one of the homo-
logs and similarly monitoring the behavior of sister centromeres
(Figure 1D). Crucially, separated sisters eventually segregated to
the same pole in nearly all cases at anaphase I (Figure 1D), while
subsequent disjunction at meiosis II was mostly normal (98.2%,
n = 111). We conclude that despite their cosegregation at
anaphase I, sister kinetochores of univalents often establish
bipolar attachment during metaphase I as observed in animal
oocytes (Angell et al., 1994; Moore and Orr-Weaver, 1998).
Because Rec12 localizes at centromeres in early prophase I
(Kugou et al., 2009; Ludin et al., 2008), biorientation of univalents
in meiosis I in rec12D cells may result from the absence of an
unknown centromeric function of Rec12. To test this, we exam-
ined the presumptive catalytically inactive mutant rec12-Y98F as
well as the disruptants for rec7+ that encodes another essential
factor required for recombination, and rec11+ that encodes
arm-specific subunit of meiotic cohesin and is partly required
for recombination (Davis and Smith, 2003; DeVeaux and Smith,
1994; Kitajima et al., 2003). Sister centromeres tended to split
in anaphase I in all these mutants (Figure 1D), suggesting that
the connection between homologs by chiasmata rather than
a potential role of Rec12 at centromeres is required to suppress
the bipolar attachment of sister kinetochores (see below).
Biorientation of Univalents Evades the SAC
The foregoing results raise the possibility that univalents evade
detection by the SAC when establishing biorientation. Since in
rec12D cells all six chromosomes are univalents, and their
attachment cannot be monitored simultaneously, we could not
analyze the relationship between chromosome orientation and
SAC satisfaction in this case. To overcome this problem, we
produced chiasmate meiosis with a single univalent by crossing
a haploid cell carrying a mini-chromosome Ch16 (a derivative of
chromosome 3; Niwa et al., 1989) with a haploid cell without
Ch16 (Figure 2A). We first measured duration of metaphase I
by monitoring Ark1 signals. Notably, the presence of the single
univalent extended metaphase I duration by 20%, which was
less than the extension of metaphase I observed in rec12D cells
(83%) (Figure 2B and Figure S1B). The delay in rec12D cells was
further extended by the additional presence of two copies of
Ch16 (Figure S1B), indicating that the delay in anaphase onset
correlates with the number of univalents. The delay originating
from the single univalent (Ch16) is indeed provoked by activation
of the SAC because depletion of the SAC component Mad2
abolishes this delay (Figure 2B). The duration required for align-
ing chromosome 2 or the Ch16-related chromosome 3 is not
influenced by the existence of Ch16 (Figure S2), arguing that
the delay is directly due to the univalent behavior itself rather
than an indirect consequence on other bivalents. To examine
the relationship between the timing of anaphase onset and the
orientation of the univalent, we monitored sister centromeres
of the univalent Ch16, marked by tdTomato (imr3-tdTomato),
in conjunction with Ark1-GFP. While Ch16 oscillated betweental Cell 21, 534–545, September 13, 2011 ª2011 Elsevier Inc. 535
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Figure 1. Recombination-Deficient Zygotes Evade the SAC with Univalents Establishing Biorientation during Meiosis I
(A) The indicated cells expressing Sad1-GFP and Cut2-GFP from their endogenous loci were observed by time-lapse imaging during meiosis at 1 min intervals
(shown are images at 2 min intervals). The distance between two Sad1-GFP signals (corresponds to spindle length) and the intensity of nuclear Cut2-GFP signals
are plotted. Three distinct phases of spindle elongation (PI, PII, and PIII) are indicated. Representative examples of wild-type and two types of rec12D cells are
shown. Although some rec12D cells complete both meiotic divisions (Figure S1A), some cells complete only meiosis I without entering meiosis II as shown here.
(B) The indicated cells expressing Ark1-GFP and Cnp3-tdTomato from their endogenous loci were observed by time-lapse imaging during meiosis I at 1.5 min
intervals. The spindles were visualized by expressing CFP-Atb2 (a2-tubulin). In the wild-type cell, transition of Ark1 from centromeres to the spindle at anaphase
onset is indicated by rectangle and enlarged on the right. Scale bars, 5 mm.
(C) Dynamics of the spindle and centromeres (imr1-GFP) were observed during meiosis I by time-lapse imaging. The spindle was visualized by expressing
mCherry-Atb2. Each single centromere dot contains two sister centromeres if not specified by an arrowhead that indicates each sister. Graphs show changes in
spindle length (S; black line) and the distance between one tip of the spindle and each centromere (C1 and C2; blue and red lines). Splitting of sisters is indicated
by additional orange and light-blue lines. See also Figure S1C.
(D) Sister centromere behavior at the onset of anaphase I in the indicated strains having imr1-GFP on only one homolog (n = 50). Representative live images of
rec12D cells are shown on the bottom. Scale bars, 5 mm.
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Chiasmata Reposition Aurora B in the Centromerespindle poles during metaphase I, the two sister centromeres
occasionally (more than 20% of observed cells; n = 277) showed
a deformation or splitting indicative of biorientation and sepa-536 Developmental Cell 21, 534–545, September 13, 2011 ª2011 Elsrated at the onset of anaphase I in the majority of the cells
(75%) (Figure 2C). Crucially, cells exhibiting sister centromere
splitting within the normal metaphase I time frame (21 min)evier Inc.
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Figure 2. Biorientation of Univalents Evades
the SAC
(A) Schematic overview illustrating chromosome align-
ment of zygotes carrying a single univalent (Ch16) marked
with imr3-tdTomato.
(B) Wild-type and mad2D cells with or without Ch16 were
observed by time-lapse imaging duringmeiosis I at 1.5min
intervals. Duration of metaphase I was measured by
monitoring Ark1-GFP signals (n > 80). Among wild-type
cells having a univalent, cells exhibiting splitting of
Ch16-imr3-tdTomato signals within the first 21 min (early
biorientation) were plotted separately. ***p < 0.0001;
unpaired two-tailed t test.
(C) Representative examples of wild-type cells containing
Ch16-imr3-tdTomato (univalent) assayed as in (B). The
upper cell shows splitting of Ch16-imr3-tdTomato signals
at 16.5 min (arrowhead; enlarged in the right), whereas the
lower cell shows the splitting at 28.5min (arrowhead). Note
that Ch16-imr3-tdTomato signals in either cell separated
at anaphase, indicative of biorientation of the univalent.
Scale bar, 5 mm.
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Chiasmata Reposition Aurora B in the Centromereentered anaphase I significantly earlier than the other cells
without such ‘‘early biorientation’’ (Figure 2B). These results
validate that the presence of a univalent indeed delays ana-
phase onset through activation of the SAC. The SAC may even-
tually become satisfied when the univalent is bioriented (see
Discussion).
Merotelic Attachment of Fused Kinetochores
Is the Reason for Biorientation
How can sister kinetochores of a univalent attain bipolar attach-
ment even though sister kinetochore fusion should prevent this?
We first thought that sister kinetochore fusion, which depends on
the core centromere cohesion (Sakuno et al., 2009), might be
impaired. To examine this possibility, we popped out the core
centromere of chromosome 1 during prophase I and visualized
the cohesion of the excised centromeres (Sakuno et al., 2009).
The results indicate that cohesion at the core centromere is
intact in rec12D cells as in wild-type cells (Figure S3A), suggest-
ing that the fused kinetochores and, therefore, the canonical
mono-orientation pathway is not impaired.
We next considered the possibility that merotelic attachment
of the fused kinetochores of the univalent produces biorientation
of sisters (see Figure 3C), a phenomenon previously described inDevelopmental Cell 21, 534–Aurora B-defective meiotic cells (Hauf et al.,
2007). Merotelic attachment of paired sister
kinetochores occasionally results in separation
at anaphase I if the centromeric protector
shugoshin Sgo1 is inactivated (Hauf et al.,
2007). Accordingly, when Sgo1 was depleted
in rec12D cells, more than 50% of sisters segre-
gated to opposite poles at anaphase I (equa-
tional segregation) (Dudas et al., 2011; Hirose
et al., 2011) (Figure 3A); Sgo1 depletion itself
caused only minor errors in orientation and
splitting at anaphase I, which can be attributed
to the loss of sister centromere cohesion (Fig-
ure 3A, splitting-I). Crucially, separated sister
chromatids in rec12D sgo1D cells often werelagging behind on the anaphase I spindle, even when they even-
tually segregated to opposite poles (42% of cells with equational
segregation showed lagging chromosomes, n = 33) (Figure 3B).
This indicates that either one or both kinetochore(s) of the univa-
lent were frequently attached in a merotelic manner (Figure 3C).
This merotelic attachment depends on the presence of fused
kinetochores because lagging chromosomes almost disap-
peared when further introducingmoa1D (3%, n = 33) (Figure 3B),
which disrupts core centromeric cohesion (Yokobayashi and
Watanabe, 2005) (Figure 3C). These results suggest that the
fused sister kinetochores of a univalent establishmerotelic rather
than amphitelic bipolar attachment.
Merotelic Attachment Is Converted to Syntelic
Attachment Depending on Chiasmata and Aurora B
Since univalents impose a SAC-dependent delay, but the SAC is
ultimately satisfied, we asked whether the delay imposed by the
SAC facilitates the biorientation of univalents, which could then
lead to SAC satisfaction. As expected, depletion of Mad2 elimi-
nated the delay in anaphase I initiation in rec12D cells (Figure 4A).
Interestingly, however, SAC depletion brought about a slight
increase rather than decrease in sister splitting at anaphase I in
rec12D cells (Figure 4B), indicating that bipolar (merotelic)545, September 13, 2011 ª2011 Elsevier Inc. 537
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Figure 3. Merotelic Attachment Is the Reason for Biorientation of Univalents
(A) Sister centromere behavior at the onset of anaphase I in the indicated strains having imr1-GFP on only one chromosome 1 homolog (n = 50). Sister splitting
was further classified into slight splitting (splitting-I) and obvious separation (splitting-II) as exemplified on the right. In the sgo1D background, the former may
include simple sister dissociation because of lack of cohesion at anaphase I, whereas the latter may represent merotelic attachment.
(B) Representative examples of sister centromere behavior at the onset of anaphase I in the indicated strains having imr1-GFP on only one homolog. Lagging
chromosome is indicated by an arrowhead.
(C) Representative univalent behavior in (A) categorized into i–iii is shown schematically. Cohesion at the core centromere but not at the pericentromeric region is
released at anaphase I (Sakuno et al., 2009), accounting for the kinetochore splitting of univalents mostly at this stage. See the text for details. Gray rod,
chromatid; light blue, kinetochores; blue line, spindle; black arrow, the direction of chromatid movement. Scale bars, 5 mm.
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Chiasmata Reposition Aurora B in the Centromereattachment of univalents is even more frequent in early meiosis
than after the delay imposed by the SAC. Moreover, recombina-
tion-proficientmad2D cells, which enter anaphase I 4 min earlier
than wild-type cells (Figure 4A), also showed sister splitting (Fig-
ure 4B). Very transient splitting of sister kinetochores is also
detectable in wild-type metaphase I chromosomes (Figure S4A).
Therefore, merotelic attachment of fused kinetochores may be
common in the early stage of meiosis I.
Aurora B kinase is generally required for correcting improper
chromosome attachment (Tanaka, 2010), and the inactivation
of Ark1 (fission yeast Aurora B) provokes merotelic attachment
even in chiasmate meiosis I (Hauf et al., 2007). This led us to
reason that any type of chromosome misattachment occurring
at the onset of prometaphase I could be uncovered when inacti-
vating Ark1, which would prevent correction of misattachment.
When Ark1 was inactivated in meiosis I, using an analog-sensi-
tive allele (ark1-as) (Hauf et al., 2007), merotelic attachment
increased to 60%–70% in both rec12+ and rec12D cells, which
was even higher than the frequency in rec12D cells with intact
Aurora B activity (Figure 4B and Figure S4B). We conclude that
merotely of fused kinetochores is initially similarly prevalent in
the attachment of bivalents and univalents but that efficient538 Developmental Cell 21, 534–545, September 13, 2011 ª2011 Elscorrection only happens in bivalents and depends on Ark1
activity (Figure 4C).
Artificial Tether between Univalents Suppresses
Biorientation of Sister Kinetochores
The foregoing results suggest that the correction of merotely of
fused kinetochores could be a result of the presence of a
physical linkage between homologs (provided by chiasmata).
If this is true, any kind of tether between univalents in rec12D
cells may suppress merotelic attachment. To test this possi-
bility, we first introduced an artificial tether using MP1 and
p14 proteins, which form a tight endosomal adaptor/scaffold
complex (Sakuno et al., 2009). The results indicate that tethering
univalents indeed decreased centromere splitting in anaphase I,
but did not abolish it completely, presumably because of
the instability of the tether (Figure S5). To overcome this
problem, we next developed an ‘‘artificial’’ chiasma in rec12D
cells by using a site-specific recombinase (R recombinase of
Zygosaccharomyces rouxii) in combination with its recognition
sequence (RS). We marked the cut3+ locus on only one chromo-
some 2 by inserting a lacO array and expressing CFP-fused LacI
protein (cut3-CFP), and introduced the RS at the centromereevier Inc.
C20 40
M
erotelic (bipolar) attachment 
of a univalent (%)
wt
10 30
Time after meiosis I spindle formation (min)
mad2
rec12
0
mad2
rec12
ark1-as
rec12
ark1-as
60
40
20
0
80
A
0
10
5
45
40
35
30
25
20
15
D
ur
at
io
n 
of
 m
et
ap
ha
se
 I 
(m
in)
mad2 ark1-as
Equational
segregation
No
 splitting
Splitting
ark1-as
B 100
80
60
40
20
0
Co-segregation
im
r1
-
G
FP
 
be
ha
vio
r
a
t a
na
ph
as
e 
I o
ns
et
 (%
)
mad2
*
*
*
Figure 4. Merotelic Attachment Is Corrected Depending on Chiasmata and Aurora B
(A) Time between spindle formation and anaphase I onset was measured in the indicated strains. Five micromolars of 1NM-PP1 was added to inactivate Ark1-as.
Error bars, SD (n = 50). See also Figure S4B.
(B) Sister centromere behavior at the onset of anaphase I was examined in the indicated strains having imr1-GFP on only one chromosome 1 homolog (n = 50).
*p < 0.05 (chi-square test).
(C) The frequency of sister splitting (merotelic attachment) at the onset of anaphase is plotted for the indicated cells. Considering that Ark1-inhibited (ark1-as;
ark1-as rec12D) cells represent the initial uncorrected merotelic attachment, they are plotted at time zero (0) rather than at the actual time of anaphase onset.
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Chiasmata Reposition Aurora B in the Centromereproximal side on both chromosomes 2. We further visualized
the core centromere of both chromosomes 2 by inserting a
tetO array and expressing tdTomato-fused TetR protein (cnt2-
tdTomato), and then monitored these chromosomal markers
together with Ark1-GFP (as a cell cycle marker) during meiosis
I. Generation of the artificial chiasma (exchange at the RS site
between univalents) can be confirmed by the disjunction of
cut3-CFP signals at anaphase I, which otherwise do not sepa-
rate in nonexchanged chromosome (Figure 5A). As expected,
the frequency of cut3-CFP disjunction increased in correla-
tion with the levels of R recombinase expression (Figure 5B).
Although cnt2-tdTomato signals of nonexchanged univalents
underwent random segregation at meiosis I, exchanged univa-
lents restored faithful disjunction at anaphase I as well as
coordinate movement during metaphase I like in rec12+ cells
(Figures 5C and 5D). Remarkably, splitting of sister centromeres
at anaphase I was nearly completely suppressed in the ex-
changed univalents, while splitting was predominant in nonex-
changed univalents (Figures 5D and 5E). These results establish
the notion that a connection between homologs along the arm
region is sufficient to convert merotelic (bipolar) attachment of
fused kinetochores to syntelic (monopolar) attachment during
meiosis I.
Relative Location of Aurora B and Kinetochores
Changes Depending on Chiasmata
Given that Aurora B plays an essential role in reorientation in
meiosis I (Hauf et al., 2007) (Figure 4C), we envisaged that the
relative location of Aurora B and the microtubule attachment
sites is important for this regulation, as is the case in mitosis
(Liu et al., 2009). To examine this, we monitored Ark1-GFP
together with the kinetochore protein Cnp3-tdTomato. At first,
we confirmed that Ark1 locates between splitting Cnp3 signals
when all chromosomes are aligned on the mitotic metaphase
spindle (Figure 6A, mitosis), consistent with the notion that
fission yeast Aurora B locates at the pericentromeric regions
(inner centromere of metazoan) underlying the kinetochores
(Kawashima et al., 2007). During metaphase I of meiosis, Cnp3Developmensignals largely located at the very edge of the bivalents, while
Ark1 located inward along the metaphase I spindle (Figure 6A,
meiosis I wild-type; Figure S6A). In rec12D cells, however, the
relative location of Ark1 and Cnp3 seemed irregular; some kinet-
ochores overlapped with Ark1, but others did not (Figure 6A,
meiosis I rec12D).
To delineate more precisely the relative location of Ark1 and
Cnp3, we filmed five rec12+ and five rec12D metaphase I cells
and examined the orientation and distance of Ark1 and Cnp3
signals along the spindle. We identified each of the six kineto-
chores and numbered them according to their position on the
spindle (Figure 6B). In wild-type cells, the three kinetochores
located on one and on the other side of the spindle center,
most likely representing three bioriented bivalents (Figure 6C,
bottom panel). Consistently, on each kinetochore, Ark1 located
inside of Cnp3,more toward the center of the spindle (Figure 6C).
In contrast, in rec12D cells, kinetochores showed unorganized
movements, and Ark1 could be found on either side of Cnp3
with respect to the spindle center. Occasionally, the relative
location of Ark1 and Cnp3 even changed during filming (Fig-
ure 6C). Accordingly, Ark1 was on average 0.18 ± 0.01 mm (n =
5 cells, SEM) closer to the spindle center than Cnp3 in rec12+
cells, whereas the average distance was close to zero in
rec12D cells (0.03 ± 0.01 mm; n = 5 cells, SEM) (Figure 6D).
Fittingly, the distance between Cnp3 and Ark1 was on average
twice as short in rec12D cells (Figure 6E), and the chance of
Ark1 colocalizing with Cnp3 (distance <0.04 mm) was four times
higher in rec12D cells (Figure 6F). Taken together, these results
indicate that the relative position of Ark1 to the kinetochore is
dynamic and often overlaps during metaphase I in achiasmate
meiosis. In contrast, in chiasmate meiosis, Ark1 stably locates
inward from kinetochores.
If the tension between homologs is the reason for Ark1 sepa-
ration from the kinetochore, the relative location of Ark1 and the
kinetochore would change in rec12D cells depending on the
artificial chiasma. To examine this possibility, we monitored
the position of Ark1 relative to cnt2-tdTomato (core centromere
marker) by live imaging. In wild-type zygotes, Ark1 located insidetal Cell 21, 534–545, September 13, 2011 ª2011 Elsevier Inc. 539
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Figure 5. An Artificial Chiasma Introduced between Univalents Suppresses Merotelic Attachment
(A) Schematic illustration of the experimental system. Positions of cnt2-tdTomato, RS, and cut3-CFP are shown in paired chromosomes 2. Exchange at the RS
site can be monitored by disjunction (DJ) and nondisjunction (NDJ) of cut3-CFP at anaphase I.
(B) Segregation of cut3-CFP was monitored at anaphase I in rec12D zygotes having zero, two, or four copies of the R recombinase gene. Error bars,
SD (3 experiments, each >100 live images).
(C) Anaphase I segregation of homozygous cnt2-tdTomato signals was monitored in rec12D cells undergoing DJ or NDJ of cut3 signals. Error bars,
SD (3 experiments, each >25 live images).
(D) Wild-type cells and rec12D cells that had exchanged or not exchanged at the RS site were observed by time-lapse imaging during meiosis I at 1.5 min
intervals. Representative still images from live-cell recording are shown (squares; enlarged in the right). Scale bar, 5 mm.
(E) The frequency of sister splitting (merotelic attachment) in either or both univalents at the onset of anaphase wasmeasured in rec12D cells that had exchanged
or not exchanged at the RS site. Behavior of sister centromeres was measured only in the cells that showed disjunction of cnt2-tdTomato at anaphase I. Error
bars, SD (3 experiments, each >25 live images).
Developmental Cell
Chiasmata Reposition Aurora B in the Centromere
540 Developmental Cell 21, 534–545, September 13, 2011 ª2011 Elsevier Inc.
Developmental Cell
Chiasmata Reposition Aurora B in the Centromereof cnt2-tdTomato on average, with their relative position being
closer (0.10 ± 0.01 mm) than is the case between Ark1 and
Cnp3 (0.18 ± 0.01 mm) (Figures 6D and 6G, WT), presumably
because the kinetochore complex including Cnp3 is located
more outward than cnt2-tdTomato in bivalents. In contrast, the
average distance between Ark1 and cnt2-tdTomato was close
to zero (0.01 ± 0.01 mm; n = 6 cells, SEM) in rec12D cells (Fig-
ure 6G, rec12D nonexchanged). Remarkably, the position of
Ark1 relative to cnt2-tdTomato was shifted to 0.11 ± 0.01 mm
(n = 6 cells, SEM; p < 0.0001) in exchanged univalents, a score
very similar to that in a wild-type bivalent (Figure 6G, rec12D
exchanged). We conclude that a chiasma, be it Rec12 depen-
dent or artificial, enables fused sister kinetochores to stably
separate from Ark1 (Figure 7).
DISCUSSION
In mitotic chromosomes, only the pericentromeric regions
(inner centromere), but not the core centromere, are cohered
by cohesin so that sister kinetochores tend to separate and
face outward (Sakuno et al., 2009). In this configuration, amphi-
telic bipolar attachment can stably keep the kinetochores far
away from Aurora B, which locates at the pericentromeric
regions, and, thus, bipolar attachment is stabilized (Cimini
et al., 2006; Liu et al., 2009) (Figures 6A and 7, mitosis). It is a
central question in meiotic chromosome segregation how fused
kinetochores are prevented from achieving bipolar attachment,
which could produce tension and satisfy the SAC, and it has
remained unclear how tension across the chiasmata stabilizes
the attachment of mono-oriented sister kinetochores to
microtubules.
Chiasmata Enable Microtubule Attachment Sites
to Stably Separate from Aurora B Site
Our analyses of kinetochore behavior together with cytological
observation of Aurora B location relative to kinetochores in
chiasmate and achiasmate meioses allow us to propose the
following model (Figure 7). In meiosis I, cohesin links the core
regions of centromeres (Sakuno et al., 2009), which imposes
juxtaposition of kinetochores and would place Aurora B
underneath the paired kinetochores rather than between them
(Figure 7, meiosis I). In this geometry, merotelic or syntelic
attachment of univalents is unstable and keeps the SAC active
due to the close proximity of Aurora B and kinetochores. If
cohesion at the kinetochore is disrupted at meiosis I by inactivat-
ing Rec8 at the core centromere, Aurora B can locate between
separated sister kinetochores as in mitosis (Figure S6B), leading
to stable bipolar attachment (Yokobayashi and Watanabe,
2005). In contrast, in the presence of kinetochore fusion, bipolar
attachment becomes stabilized only occasionally after pro-
longed metaphase I (see below). Overall, the meiosis I-specific
kinetochore geometry may act to prevent spatial separation of
sister kinetochores, which would otherwise stabilize biorienta-
tion of sisters by keeping kinetochores away from Aurora B
(Figure 7). Similar to fused kinetochores of a univalent, even
fused kinetochores of a bivalent are initially often attached in a
merotelic (bipolar) fashion (Figure 4C). However, when chias-
mata or other tethers are present, stochastic attachment that
produces some tension between homologs will position theDevelopmenincorrectly attached microtubules close to Aurora B and will
selectively destabilize them, converting merotelic attachment
into syntelic attachment (Figure 7, meiosis I with chiasmata).
Once biorientation of the bivalent (and syntelic attachment of
sisters) is achieved, sister kinetochores are positioned at the
edge of the bivalent with Aurora B inward, thus likely stabilizing
the attachment. If fusion of sister kinetochores is disrupted by
inactivating Rec8 only at the core centromere, >20% of sister
kinetochores of a bivalent become bioriented in chiasmate
meiosis (Yokobayashi and Watanabe, 2005). Thus, meiosis
I-specific kinetochore fusion is indeed required, but not suffi-
cient, to establish mono-orientation of sisters, which can be
finalized only by biorientation of homologs. A high incidence of
merotelic attachment in early prometaphase I but not in meta-
phase I is observed also in mice oocytes (Kitajima et al., 2011),
suggesting the conservation of the mechanisms to establish
mono-orientation of sisters.
Univalents Potentially Evade the SAC
Chromosomes of mice oocytes lacking the MLH1 protein are
mostly unpaired univalents, and these cells arrest the meiotic
cell cycle at prometaphase I, suggesting that the SAC is acti-
vated by the presence of univalents (Woods et al., 1999).
However, XO oocytes, which carry only a single X chromosome,
unable to form a bivalent, undergo anaphase I without a signifi-
cant delay, resulting in aneuploidy (LeMaire-Adkins et al.,
1997). Moreover, premature resolution of chiasmata, which is a
frequent feature of meiosis in aged animal and human oocytes,
leads to abnormal chromosome segregation rather than SAC-
dependent arrest at meiosis I (Hassold and Hunt, 2001). It
is also suggested that the SAC in oocytes is not stringent
(Nagaoka et al., 2011). Our current study using fission yeast
provides mechanistic insight into these enigmatic observations
in abnormal meiosis. Our data indicate that the presence of
the univalent indeed activates the SAC, but stabilization of mer-
otelic attachment eventually satisfies the SAC. The delay is
nearly undetectable, especially if biorientation of the univalent
precedes the normal timing of anaphase I onset (Figure 2B).
We also find that the delay of anaphase I onset correlates with
the number of univalents; a single univalent delays entry into
anaphase I by only 20% of metaphase I duration, but entire
abolishment of chiasmata (six univalents) delays by 83%, and
further introduction of two univalents (totally eight univalents)
delays by 105% (Figure 2B and Figure S1B). Thus, a limited
number of univalents may readily evade the SAC, potentially
accounting for the different outcome of meiosis I in XO versus
MLH1-lacking oocytes. It remains unknown, however, how the
merotelic attachment of univalents evades the SAC. Because
the delay of anaphase onset in achiasmate meiosis depends
on Aurora B activity (Figure 4A), we reason that the SAC activa-
tion might be provoked by Aurora B-dependent destabilization
of univalent attachment, which may become stabilized during
a prolonged metaphase I. We speculate that unstable but
repeated attachment by microtubules may eventually deform
the kinetochores of univalents and therebymay place the attach-
ment sites far from Aurora B (Figure 7, without chiasmata).
Another not mutually exclusive possibility is that centromeric
Aurora B is used up or desensitized by repeated action of desta-
bilization. Further studies should explore these possibilities.tal Cell 21, 534–545, September 13, 2011 ª2011 Elsevier Inc. 541
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Figure 6. Chiasmata Promote Repositioning of Aurora B within the Centromere
(A) Wild-type and rec12D cells expressing Cnp3-tdTomato (CENP-C), Ark1-GFP (Aurora B), and CFP-Atb2 (spindle) weremonitored by live-cell imaging inmitosis
andmeiosis I. Representativemetaphase images are shown. Note that the three chromosomes are often coaligned inmitosis, but not inmeiosis I, since distances
between chiasmata and kinetochores are not identical among the three bivalents. See also Figure S6A.
(B) Definition of the distance between Cnp3 and Ark1 signals in centromeres at metaphase I. The six kinetochores are numbered according to their position on the
spindle. The distance of Cnp3 from the spindle center (defined arbitrarily between kinetochore 3 and 4) is subtracted from the distance of Ark1 from the spindle
center. Therefore, Cnp3 lying outside of Ark1 with respect to the spindle center results in a negative value.
(C) The distance between Cnp3-tdTomato and Ark1-GFP fluorescent signals obtained by time-lapse imaging for 2 min 40 s at 20 s intervals was plotted in
wild-type and rec12D metaphase I cells, according to the definition in (B). Kinetochore 1–3 (upper) and 4–6 (lower) were plotted separately. Images at four time
points are shown below.
(D) The average position of Ark1 relative to Cnp3 was calculated from the time-lapse images in five wild-type and rec12D metaphase I cells. Error bars,
SD (6 kinetochores 3 8 time points in each cell, n = 48).
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Figure 7. Model for the Regulation of Chromosome
Orientation in Mitosis and Meiosis I
In fission yeast, the kinetochore-assembling core centro-
mere (red globule) protrudes from the pericentromeric
regions (inner centromere in metazoa), the sites where the
Aurora B kinase accumulates and destabilizes the kinet-
ochore-microtubule attachment. Microtubule attachment
to the kinetochore within the Aurora B-active region (blue
and light blue areas) is unstable (red dashed line), whereas
microtubule attachment separated from the Aurora B
activity is stable (black line). In meiosis I, fused sister
kinetochores initially become attached in a merotelic or
syntelic fashion. In univalents, this attachment is unstable
and activates the SAC but stochastically becomes stabi-
lized during prolonged metaphase I possibly through
microtubule-driven deformation of kinetochores. Proper
correction of themerotelic attachment of univalents, which
needs Aurora B activity, is only possible when homologous
chromosomes are connected by chiasmata (bivalent).
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Chiasmata Reposition Aurora B in the CentromereShugoshin Plays a Role in Suppressing Erroneous
Separation of Sisters at Meiosis I
Centromeric cohesion is preserved throughout meiosis I by the
action of shugoshin-PP2A; the impairment of shugoshin leads
to premature separation of sister chromatids prior to metaphase
II, resulting in random segregation of sisters at meiosis II (Kita-
jima et al., 2006; Riedel et al., 2006). Consistent with recent
studies (Dudas et al., 2011; Hirose et al., 2011), our current study
of achiasmate meiosis reveals that shugoshin also prevents
fused kinetochores attached in a merotelic fashion from sepa-
rating in anaphase I (Figure 3). Even in chiasmate meiosis,
sgo1D cells show a minor but significant error in the cosegrega-
tion of sisters, and this defect is enhanced if the Rec8 function
is partly impaired (Figure S3B). Thus, shugoshin may play an
additional important role in rescuing the residual merotelic
attachment at meiosis I. Recent studies in mice reveal that the
chromosomal localization of meiotic cohesin Rec8 decreases
in aged oocytes, provoking chromosome mis-segregation at
meiosis I (Chiang et al., 2010; Lister et al., 2010). This weakened
localization of Rec8 apparently impairs the geometry of kineto-
chores, which may itself promote biorientation of sisters (Chiang
et al., 2010). Notably, the localization of mSgo2, the cohesin
protector in mouse oocytes, also decreases dramatically in
aged oocytes (Lister et al., 2010). Our current study in fission
yeast suggests that combined reduction of Rec8 and mSgo2
produces synergetic effects on mis-segregation at meiosis I,
potentially accounting for the drastic increase of mis-segrega-
tion in aged oocytes.
In conclusion, our results in fission yeastdisclose crucialmech-
anisms to determine kinetochore orientation in meiosis I, which
comprise both homolog connection and kinetochore geometry.(E) The average distance between Cnp3 and Ark1 was calculated from the time
(6 kinetochores 3 8 time points in five cells, n = 240).
(F) Frequency of association between Cnp3 and Ark1 (<0.04 mm distance) was ca
cells (n = 240).
(G) The distance between cnt2-tdTomato and Ark1-GFP fluorescent signals obta
type and rec12D metaphase I cells, according to the definition in (B). Upper and
Images at four time points are shown below. The average position of Ark1 relative t
bars, SD (2 kinetochores 3 8 time points in each cell, n = 16).
Scale bars, 2 mm.
DevelopmenOur studies may also provide a basis for understanding mis-
segregation in animal meiosis, including in humans.
EXPERIMENTAL PROCEDURES
S. pombe Strain
All media and growth conditions unless otherwise stated were as described
previously (Moreno et al., 1991). Complete medium (YE), minimal medium
(MM), synthetic minimal medium containing dextrose, and sporulation-
inducing medium (SPA) were used. Strains used in this study are described
in Table S1. The deletion of endogenous rec12+, rec11+, sgo1+, moa1+, and
mad2+ genes was performed by the PCR-based gene-targeting method
for S. pombe using kanMX6 (kanR), hphMX6 (hygR), and natMX6 (natR)
genes as selection markers (Ba¨hler et al., 1998; Rabitsch et al., 2001; Sato
et al., 2005). The sad1+-GFP cut2+-GFP, imr1-GFP, cnt2-tdTomato, cnp3-
tdTomato, ark1-GFP, ark1-as, rec7D, rec12-Y98F, and rec8-tev strains and
nonessential mini-chromosome Ch16 have been described previously (Davis
and Smith, 2003; Hauf et al., 2007; Kawashima et al., 2007; Molnar et al.,
2001; Niwa et al., 1989; Sakuno et al., 2009; Tanaka et al., 2009; Yokobayashi
and Watanabe, 2005). To visualize tubulin, an mCherry- or CFP-tagged atb2+
gene was subcloned under Padh13 (a weak version of the adh1+ promoter)
and integrated at the locus adjacent to the zfs1+ gene on chromosome II
(designated as the Z locus).
Construction of the Strains for the Artificial Chiasma Assay
To obtain RS (recombination sequence, recognized by R recombinase)
integration at the nep2+-proximal locus (150 kbp away from left edge of
centromere 2, and 450 kbp away from cut3+), an RS-hygR+-RS-containing
fragment was integrated at the 50 UTR region of nep2+ and subsequently
excised by R recombinase, leaving a single copy of RS at this locus (between
1454368 and 1454369 of chromosome 2, named nep2 < < RS). A nep2 < < RS
allele was introduced into both h+ and h haploid strains. Correct integration of
RS was confirmed by PCR. The lacO array at the cut3+ was described previ-
ously (Nabeshima et al., 1998). To visualize cut3-lacO and cnt2-tetO simulta-
neously, a sequence encoding CFP was fused with the C terminus of LacIORF-lapse images in five wild-type and rec12D metaphase I cells. Error bars, SD
lculated from the time-lapse images in five wild-type and rec12Dmetaphase I
ined by time-lapse imaging for 2 min 40 s at 20 s intervals was plotted for wild-
lower cnt2-tdTomato dots monitored are plotted in blue and red, respectively.
o cnt2was calculated from the time-lapse images in sixmetaphase I cells. Error
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stronger version of Padh41); then, this fragment was further introduced
into pNATZA31-tetR-tdTomato plasmid (Sakuno et al., 2009). The resulting
plasmid was linearized and integrated at the Z locus using the natr
marker. To express R recombinase in meiotic prophase I, a single Pspo5-
R-recombinase-Tspo5 cassette (Sakuno et al., 2009) or tandem cassettes
containing plasmid were linearized and integrated at the lys1+ locus of
chromosome 1 of both h+ and h haploid strains by using the hygr marker.
Artificial Tether Using a lacO Array and MP1-LacI/p14-LacI Fusion
Proteins
The lacO arrays at the cut3 +-proximal loci were described previously (Nabe-
shima et al., 1998). To obtain lacO integration at the rep2+-proximal locus, a
fragment containing a lacO array engineered from pCT31 (Yamamoto and
Hiraoka, 2003) with the hygR cassette, flanked by the upstream region of the
rep2+ gene (1715620–1716942 and 1716943–1718201 of chromosome 2,
70 kbp away from right edge of centromere 2), was used for transformation.
Correct integration was confirmed by PCR. Subsequently, a kanR cassette
was transformed into the rep2-lacO strain to replace hygR to kanR marker.
To express p14-LacI and MP1-LacI fusion proteins, Pnmt1-MP1-HA-LacI-
Tadh1 and Padh1-p14-GFP-LacI-Tadh1 constructs were integrated at the Z
locus and the locus adjacent to the SPAC26F1.12c gene of chromosome I
(designated as theC locus), respectively (Sakuno et al., 2009). For the analyses
of homolog tethering in meiosis, cells were cultured in MM-Thi at 26.5C for
18 hr to express MP1 (p14 was constitutively expressed) before spotting on
an SPA plate. Meiosis I was observed by time-lapse imaging 7–10 hr after
spotting at 26.5C.
A tetO Insertion at the imr3 Locus of Chromosome 3 or Ch16
A fragment containing tetO array engineered fromp306tetO2x112 (a gift fromK.
Nasmyth) with ura4+ cassette, flanked by the imr3 region (1093757–1094520
and 1094521–1095451 of chromosome 3), was transformed into a uracil auxo-
trophic strain that has theade6-M210allele at chromosome3,Ch16 (containing
ade6+), and TetR-tdTomato. Ura+ colonies were selected, and correct integra-
tion was confirmed by PCR and observing tdTomato signals under the
microscope. Clones, derivatives of which can show uracil auxotroph (loss of
tdTomato) as well as adenine auxotrophy (loss of Ch16), were used as Ch16-
imr3-tetO strains. Clones, derivatives of which showed adenine auxotrophy,
but not uracil auxotrophy, were used as chromosome 3-imr3-tetO strains.
Time-Lapse Imaging
Live-cell recordingswereperformedonaDeltaVisionPsystem(AppliedPrecision)
in an air-conditioned chamber maintained at 27C. Cells were cultured in MM+N
medium at 30C to late log phase, spotted on SPA, then incubated at 18C for
14 hr. For the artificial chiasma assay, cells were cultured in MM+N medium at
26.5C to late log phase, spotted on SPA, and then incubated at 30C for 6 hr
to induce R recombinase-mediated recombination. Zygotes suspended in
MM-N were sonicated briefly and mounted on a glass-bottom dish (Matsunami)
coated with 0.2% Concanavalin A (Sigma-Aldrich). To inactivate the analog-
sensitive Ark1-as, MM-N medium was supplemented with 5 mM of the specific
inhibitor 1NM-PP1 (TRC). Mounted zygotes were preincubated at 27C for
60minbeforeobservation. ImageswereacquiredbyZsectioningandprojected
using ‘‘quick projection’’ in the softWoRx software (Applied Precision).
Measurement of Anaphase I Onset
For the measurement of anaphase I onset in Figures 1, 2, 5, and 6 and Figures
S1B, S2, S5, and S6B, zygotes spotted on SPA plates at 26.5C for 5–7 hr
were used, and live-cell recordings were performed at 26.5C. The intervals of
recordings were 1.5 min in Figures 1B, 2, and 5 and Figures S1B and S5, 20 s
inFigure6,1min inFigureS2,and40s inFigureS6B.Thebeginningofmetaphase
I was defined by the appearance of short spindle. The onset of anaphase I was
definedby the relocationofArk1-GFP fromthecentromere to thespindle. Images
were acquired by Z sectioning and deconvolved in the softWoRx software.
Quantification of Fluorescent Signals
The projected in-focus images from live-cell imaging were used to quantify the
Cut2-GFP signals. The average unit beside the SPBs was measured and the
background subtracted using softWoRx Explorer software.544 Developmental Cell 21, 534–545, September 13, 2011 ª2011 ElsSUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at doi:10.
1016/j.devcel.2011.08.012.
ACKNOWLEDGMENTS
We thank Tomoya S. Kitajima and Jan Ellenberg for communicating unpub-
lished results, Gerald R. Smith and Yeast Genetic Resource Center (YGRC)
for yeast strains, and all the members of our laboratory for their valuable
support and discussion. This work was supported in part by the Global COE
Program (Integrative Life Science Based on the Study of Biosignaling Mecha-
nisms), Special Coordination Funds for Promoting Science and Technology (to
T.S.), a Grant-in-Aid for Scientific Research on Priority Areas (to K.T. and T.S.),
and for Specially Promoted Research (to Y.W.) from the Ministry of Education,
Culture, Sports, Science and Technology of Japan.
Received: February 2, 2011
Revised: July 5, 2011
Accepted: August 13, 2011
Published online: September 12, 2011
REFERENCES
Angell, R.R., Xian, J., Keith, J., Ledger, W., and Baird, D.T. (1994). First meiotic
division abnormalities in human oocytes: mechanism of trisomy formation.
Cytogenet. Cell Genet. 65, 194–202.
Ba¨hler, J., Wu, J.Q., Longtine, M.S., Shah, N.G., McKenzie, A., 3rd, Steever,
A.B., Wach, A., Philippsen, P., and Pringle, J.R. (1998). Heterologous modules
for efficient and versatile PCR-based gene targeting in Schizosaccharomyces
pombe. Yeast 14, 943–951.
Carpenter, A.T. (1994). Chiasma function. Cell 77, 957–962.
Cervantes, M.D., Farah, J.A., and Smith, G.R. (2000). Meiotic DNA breaks
associated with recombination in S. pombe. Mol. Cell 5, 883–888.
Chelysheva, L., Diallo, S., Vezon, D., Gendrot, G., Vrielynck, N., Belcram, K.,
Rocques, N., Ma´rquez-Lema, A., Bhatt, A.M., Horlow, C., et al. (2005).
AtREC8 and AtSCC3 are essential to the monopolar orientation of the kineto-
chores during meiosis. J. Cell Sci. 118, 4621–4632.
Chiang, T., Duncan, F.E., Schindler, K., Schultz, R.M., and Lampson, M.A.
(2010). Evidence that weakened centromere cohesion is a leading cause of
age-related aneuploidy in oocytes. Curr. Biol. 20, 1522–1528.
Cimini, D., Wan, X., Hirel, C.B., and Salmon, E.D. (2006). Aurora kinase
promotes turnover of kinetochore microtubules to reduce chromosome
segregation errors. Curr. Biol. 16, 1711–1718.
Corbett, K.D., Yip, C.K., Ee, L.S., Walz, T., Amon, A., and Harrison, S.C. (2010).
The monopolin complex crosslinks kinetochore components to regulate
chromosome-microtubule attachments. Cell 142, 556–567.
Davis, L., and Smith, G.R. (2003). Nonrandom homolog segregation at meiosis
I in Schizosaccharomyces pombe mutants lacking recombination. Genetics
163, 857–874.
DeVeaux, L.C., and Smith, G.R. (1994). Region-specific activators of meiotic
recombination in Schizosaccharomyces pombe. Genes Dev. 8, 203–210.
Dudas, A., Ahmad, S., and Gregan, J. (2011). Sgo1 is required for co-segrega-
tion of sister chromatids during achiasmate meiosis I. Cell Cycle 10, 951–955.
Goldstein, L.S. (1981). Kinetochore structure and its role in chromosome
orientation during the first meiotic division in male D. melanogaster. Cell 25,
591–602.
Hassold, T., and Hunt, P. (2001). To err (meiotically) is human: the genesis of
human aneuploidy. Nat. Rev. Genet. 2, 280–291.
Hauf, S., Biswas, A., Langegger, M., Kawashima, S.A., Tsukahara, T., and
Watanabe, Y. (2007). Aurora controls sister kinetochore mono-orientation
and homolog bi-orientation in meiosis-I. EMBO J. 26, 4475–4486.
Hirose, Y., Suzuki, R., Ohba, T., Hinohara, Y., Matsuhara, H., Yoshida, M.,
Itabashi, Y., Murakami, H., and Yamamoto, A. (2011). Chiasmata promoteevier Inc.
Developmental Cell
Chiasmata Reposition Aurora B in the Centromeremonopolar attachment of sister chromatids and their co-segregation toward
the proper pole during meiosis I. PLoS Genet. 7, e1001329.
Kawashima, S.A., Tsukahara, T., Langegger, M., Hauf, S., Kitajima, T.S., and
Watanabe, Y. (2007). Shugoshin enables tension-generating attachment of
kinetochores by loading Aurora to centromeres. Genes Dev. 21, 420–435.
Kitajima, T.S., Ohsugi, M., and Ellenberg, J. (2011). Complete kinetochore
tracking reveals error-prone homologous chromosome biorientation in
mammalian oocytes. Cell 146, 568–581.
Kitajima, T.S., Yokobayashi, S., Yamamoto, M., and Watanabe, Y. (2003).
Distinct cohesin complexes organize meiotic chromosome domains.
Science 300, 1152–1155.
Kitajima, T.S., Sakuno, T., Ishiguro, K., Iemura, S., Natsume, T., Kawashima,
S.A., and Watanabe, Y. (2006). Shugoshin collaborates with protein phospha-
tase 2A to protect cohesin. Nature 441, 46–52.
Klein, F., Mahr, P., Galova, M., Buonomo, S.B.C., Michaelis, C., Nairz, K., and
Nasmyth, K. (1999). A central role for cohesins in sister chromatid cohesion,
formation of axial elements, and recombination during yeast meiosis. Cell
98, 91–103.
Kouznetsova, A., Lister, L., Nordenskjo¨ld, M., Herbert, M., and Ho¨o¨g, C.
(2007). Bi-orientation of achiasmatic chromosomes in meiosis I oocytes
contributes to aneuploidy in mice. Nat. Genet. 39, 966–968.
Kugou, K., Fukuda, T., Yamada, S., Ito, M., Sasanuma, H., Mori, S., Katou, Y.,
Itoh, T., Matsumoto, K., Shibata, T., et al. (2009). Rec8 guides canonical Spo11
distribution along yeast meiotic chromosomes. Mol. Biol. Cell 20, 3064–3076.
Lacefield, S., and Murray, A.W. (2007). The spindle checkpoint rescues the
meiotic segregation of chromosomes whose crossovers are far from the
centromere. Nat. Genet. 39, 1273–1277.
LeMaire-Adkins, R., Radke, K., and Hunt, P.A. (1997). Lack of checkpoint
control at the metaphase/anaphase transition: a mechanism of meiotic
nondisjunction in mammalian females. J. Cell Biol. 139, 1611–1619.
Li, X., and Dawe, R.K. (2009). Fused sister kinetochores initiate the reductional
division in meiosis I. Nat. Cell Biol. 11, 1103–1108.
Lister, L.M., Kouznetsova, A., Hyslop, L.A., Kalleas, D., Pace, S.L., Barel, J.C.,
Nathan, A., Floros, V., Adelfalk, C., Watanabe, Y., et al. (2010). Age-related
meiotic segregation errors in mammalian oocytes are preceded by depletion
of cohesin and Sgo2. Curr. Biol. 20, 1511–1521.
Liu, D., Vader, G., Vromans, M.J., Lampson, M.A., and Lens, S.M. (2009).
Sensing chromosome bi-orientation by spatial separation of aurora B kinase
from kinetochore substrates. Science 323, 1350–1353.
Ludin, K., Mata, J., Watt, S., Lehmann, E., Ba¨hler, J., and Kohli, J. (2008).
Sites of strong Rec12/Spo11 binding in the fission yeast genome are associ-
ated with meiotic recombination and with centromeres. Chromosoma 117,
431–444.
Molnar, M., Ba¨hler, J., Kohli, J., and Hiraoka, Y. (2001). Live observation of
fission yeast meiosis in recombination-deficient mutants: a study on achias-
mate chromosome segregation. J. Cell Sci. 114, 2843–2853.
Monje-Casas, F., Prabhu, V.R., Lee, B.H., Boselli, M., and Amon, A. (2007).
Kinetochore orientation during meiosis is controlled by Aurora B and the
monopolin complex. Cell 128, 477–490.
Moore, D.P., and Orr-Weaver, T.L. (1998). Chromosome segregation during
meiosis: building an unambivalent bivalent. Curr. Top. Dev. Biol. 37, 263–299.
Moreno, S., Klar, A., and Nurse, P. (1991). Molecular genetic analysis of fission
yeast Schizosaccharomyces pombe. Methods Enzymol. 194, 795–823.
Nabeshima, K., Nakagawa, T., Straight, A.F., Murray, A., Chikashige, Y.,
Yamashita, Y.M., Hiraoka, Y., and Yanagida, M. (1998). Dynamics of
centromeres during metaphase-anaphase transition in fission yeast: Dis1 is
implicated in force balance in metaphase bipolar spindle. Mol. Biol. Cell 9,
3211–3225.DevelopmenNagaoka, S.I., Hodges, C.A., Albertini, D.F., and Hunt, P.A. (2011). Oocyte-
specific differences in cell-cycle control create an innate susceptibility to
meiotic errors. Curr. Biol. 21, 651–657.
Nasmyth, K., and Haering, C.H. (2005). The structure and function of SMC and
kleisin complexes. Annu. Rev. Biochem. 74, 595–648.
Nicklas, R.B. (1997). How cells get the right chromosomes. Science 275,
632–637.
Niwa, O., Matsumoto, T., Chikashige, Y., and Yanagida, M. (1989).
Characterization of Schizosaccharomyces pombe minichromosome deletion
derivatives and a functional allocation of their centromere. EMBO J. 8,
3045–3052.
Onn, I., Heidinger-Pauli, J.M., Guacci, V., Unal, E., and Koshland, D.E. (2008).
Sister chromatid cohesion: a simple concept with a complex reality. Annu.
Rev. Cell Dev. Biol. 24, 105–129.
Page, S.L., and Hawley, R.S. (2003). Chromosome choreography: the meiotic
ballet. Science 301, 785–789.
Peters, J.M., Tedeschi, A., and Schmitz, J. (2008). The cohesin complex and its
roles in chromosome biology. Genes Dev. 22, 3089–3114.
Rabitsch, K.P., To´th, A., Ga´lova´, M., Schleiffer, A., Schaffner, G., Aigner, E.,
Rupp, C., Penkner, A.M., Moreno-Borchart, A.C., Primig, M., et al. (2001).
A screen for genes required for meiosis and spore formation based on
whole-genome expression. Curr. Biol. 11, 1001–1009.
Riedel, C.G., Katis, V.L., Katou, Y., Mori, S., Itoh, T., Helmhart, W., Ga´lova´, M.,
Petronczki, M., Gregan, J., Cetin, B., et al. (2006). Protein phosphatase 2A
protects centromeric sister chromatid cohesion during meiosis I. Nature
441, 53–61.
Sakuno, T., Tada, K., and Watanabe, Y. (2009). Kinetochore geometry defined
by cohesion within the centromere. Nature 458, 852–858.
Sato, M., Dhut, S., and Toda, T. (2005). New drug-resistant cassettes for gene
disruption and epitope tagging in Schizosaccharomyces pombe. Yeast 22,
583–591.
Severson, A.F., Ling, L., van Zuylen, V., and Meyer, B.J. (2009). The axial
element protein HTP-3 promotes cohesin loading and meiotic axis assembly
in C. elegans to implement the meiotic program of chromosome segregation.
Genes Dev. 23, 1763–1778.
Shuda, K., Schindler, K., Ma, J., Schultz, R.M., and Donovan, P.J. (2009).
Aurora kinase B modulates chromosome alignment in mouse oocytes. Mol.
Reprod. Dev. 76, 1094–1105.
Tanaka, K., Chang, H.L., Kagami, A., and Watanabe, Y. (2009). CENP-C
functions as a scaffold for effectors with essential kinetochore functions in
mitosis and meiosis. Dev. Cell 17, 334–343.
Tanaka, T.U. (2010). Kinetochore-microtubule interactions: steps towards
bi-orientation. EMBO J. 29, 4070–4082.
To´th, A., Rabitsch, K.P., Ga´lova´, M., Schleiffer, A., Buonomo, S.B., and
Nasmyth, K. (2000). Functional genomics identifies monopolin: a kinetochore
protein required for segregation of homologs during meiosis i. Cell 103,
1155–1168.
Woods, L.M., Hodges, C.A., Baart, E., Baker, S.M., Liskay, M., and Hunt, P.A.
(1999). Chromosomal influence on meiotic spindle assembly: abnormal
meiosis I in female Mlh1 mutant mice. J. Cell Biol. 145, 1395–1406.
Yamamoto, A., and Hiraoka, Y. (2003). Monopolar spindle attachment of sister
chromatids is ensured by two distinct mechanisms at the first meiotic division
in fission yeast. EMBO J. 22, 2284–2296.
Yamamoto, A., Kitamura, K., Hihara, D., Hirose, Y., Katsuyama, S., and
Hiraoka, Y. (2008). Spindle checkpoint activation at meiosis I advances
anaphase II onset via meiosis-specific APC/C regulation. J. Cell Biol. 182,
277–288.
Yokobayashi, S., and Watanabe, Y. (2005). The kinetochore protein Moa1
enables cohesion-mediated monopolar attachment at meiosis I. Cell 123,
803–817.tal Cell 21, 534–545, September 13, 2011 ª2011 Elsevier Inc. 545
